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DENTAL CEMENTUM INCREMENT ANALYSIS AND ESTIMATING SEASON 
AT DEATH IN HUMANS 
CLAIRA E. RALSTON 
ABSTRACT 
 Dental cementum is a mineralized tissue that coats the root of a tooth and anchors 
it into the alveolar socket via the periodontal ligament. Cementum is continuously 
deposited and mineralized throughout the life of a tooth, preserving the complex 
developmental processes of root formation in optically distinct histologic layers (Hillson, 
1996; 2005).   
 Analysis of these features has several anthropological applications, specifically 
the analysis of cementum increments and their utility in estimating age and season at 
death in humans for establishing a more specific post-mortem interval (PMI). Wedel 
(2007) conducted a pilot study to determine whether dental cementum increment analysis 
can be used to establish season of death in humans. Wedel (2007) hypothesized that by 
identifying the timing of the transition between the bands of arrested development and 
the bands of increased deposition, dental cementum increment analysis can be used to 
identify the season at death in humans. It was demonstrated that cementum increment 
analysis is 99% accurate in estimating whether an individual died in either a fall/winter or 
spring/summer season.  
The purpose of the present study was to estimate whether cementum bands could 
accurately be assigned to fall/winter, spring/summer seasons based on their optical 
properties as being light or dark. A total of 143 teeth of known age and known extraction 
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date drawn from the Boston University Collection and the Antioquia Modern Skeletal 
Reference Collection in Medellín, Colombia were analyzed using recent protocols for 
preparation, sectioning, and observing increment lines in cementum. 
Dental cementum increment analysis was found to be between 61.54% and 
71.15% successful in accurately correlating the nature of the last cementum increment to 
season at death using a combination of image evaluation and through focus evaluation 
methods on two distinct geographic samples. A through focus evaluation was found to be 
more successful at identifying the last band formed and is recommended for microscopic 
analyses estimating season at death using dental cementum increments. Geographic 
origin did not have a significant influence over the accuracy of the method to estimate 
season at death, however the results of this study suggest that teeth extracted from 
cadavers versus living individuals may have some influence on the accuracy of 
cementum increments to estimate season at death. No significant influence of sex, age, or 
tooth type on the identification and correlation of the last band formed were detected in 
this study. An interobserver analysis using digital images of a randomly selected sample 
of 45 sections found that interobserver agreement on the nature of the last band formed 
occurred in only 28.8% of the sample. Inconsistencies in the nature of the last band 
formed between multiple sections prepared from the same tooth were observed, which 
calls into question the validity of using cementum increments to estimate season at death.  
The potential limitations for the reliability of using dental cementum increment 
analysis to determine season at death in humans include the lack of a standardized 
method for preparing adequate sections for viewing cementum increments, and the 
vii""
subjectivity of identifying the last band in a given section. It is concluded that if the 
validity and reliability of dental cementum increment analysis as a method for age 
estimation can be established and configured to meet the criteria of the Daubert 
Standard, specifically in the adoption of a standardized protocol of analysis, then the 
validity of using this method for estimating season at death can be further considered.  
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CHAPTER 1: INTRODUCTION 
 
 Teeth are often the best-preserved mineralized tissue and their excellent 
preservation within multiple taphonomic environments makes them a useful source of 
information in both archaeological and contemporary forensic investigations. Dental 
cementum is a mineralized tissue that coats the root of a tooth and anchors it into the 
alveolar socket via the periodontal ligament (Figure 1.1). Cementum is continuously 
deposited and mineralized throughout the life of a tooth, with the complex developmental 
processes of root formation being preserved in optically distinct histologic layers 
(Hillson, 1996; 2005; Guatelli-Steinberg and Huffman, 2013).  Analysis of these features 
has several anthropological applications, specifically the analysis of cementum 
increments and their utility in estimating season at death in humans for establishing a 
more specific post-mortem interval (Ubelaker, 2010; Guatelli-Steinberg and Huffman, 
2013).  
 
Figure 1.1: Dental Cementum (Image acquired from: 
http://www.studiodentaire.com/en/glossary/cementum.php) 
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 Establishing post mortem interval (PMI) is a common task performed by forensic 
anthropologists in cases involving decomposing and skeletonized remains. Traditionally, 
PMI is estimated based on the overall condition of the remains, the presence and stage of 
insect activity, and the decomposition microenvironment, all which tend to follow 
relatively predictable rates and patterns (Haglund and Sorg, 1997; Damann and Carter, 
2013). By identifying the stage of decomposition of the body and the presence or absence 
of particular life stages of sarcosaprophagous (flesh eating) insects, forensic 
anthropologists are able to construct time tables that assist in determining PMI (Haglund 
and Sorg, 1997; Catts and Goff, 1992).  
 However, these methods are time sensitive and are modified by factors such as 
ambient temperature, freezing and thawing processes, amount of rainfall, clothing, burial 
type, burial depth, extent of animal scavenging, extent of perimortem trauma, and body 
weight (Haglund and Sorg, 1997; Damann and Carter, 2013). Furthermore, the patterns 
and rates of post-mortem change and entomological succession vary regionally according 
to climate, season, and between different microenvironments within each region 
(Haglund and Sorg, 1997; Catts and Goff, 1992). These regional variations of 
decomposition rates and taphonomic variables affecting human remains make estimating 
PMI challenging because each macroscopic and microscopic detail of the body and the 
surrounding depositional context must be considered and analyzed to determine as 
accurate a PMI as possible. Therefore, special attention must be paid to the weather 
patterns and the unique ecological climate within each depositional context (Haglund and 
Sorg, 1997; Damann and Carter, 2013).  
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 Dental cementum increment analysis has been proposed as a more accurate 
method for estimating the season at death of an individual than macroscopic analyses 
because the histological structures of dental cementum do not represent degenerative 
changes, but are chronological structures accumulated and preserved in mineralized 
tissues (Gauthier and Schutkowski, 2013).  
 The pattern of cementum formation is characterized by alternating dark and light 
optical bands when viewed under transmitted polarized light microscopy (Figure 1.2). 
The optical properties of the dark and light layers are also described as translucent and 
opaque respectively, with the translucent bands theorized to represent periods of rapid 
cementum deposition in the spring/summer season, arbitrarily between mid April and mid 
October, and the opaque bands representing arrested deposition in the fall/winter season, 
or between mid October and mid April. Each pair of bands (dark and light) is 
hypothesized to correlate with one year of life in an individual, suggesting that the 
appositional process of dental cementum preserves an annual record of an individual’s 
metabolic life history in the mineralized tissues of a tooth root (Azaz et al., 1974; Stott et 
al., 1982; Lieberman, 1994; Hillson, 1995; 2006; Wittwer-Backhofen and Buba, 2002; 
Cool et al., 2002; Wittwer-Backhofen et al., 2004; Renz et al. 2006; Wedel, 2007; 
Gauthier and Schutkowski, 2013).  
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Figure 1.2: Visible cementum increments in a 90µ thick transverse section of a 
human tooth viewed at 20x magnification under polarized light microscopy. White 
arrows indicate opaque (light) increments. Black arrows indicate alternating 
translucent (dark) increments. The red arrow indicates the edge of the root section.   
 
In order to establish PMI using dental cementum increment analysis, season at 
death is estimated by identifying the last band formed at the external surface of the 
cementum tissue as either representing the translucent (dark) spring/summer band or the 
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opaque (light) fall/winter band (Lieberman, 1994; Klevezal and Shishlina, 2001; Wedel, 
2007) (Figure 1.3). If dental cementum increment analysis proves to be a reliable and 
precise method for PMI estimation, it could become a standardized method for 
application in forensic anthropological and bioarchaeological investigations. Dental 
cementum increment analysis could be particularly useful in forensic cases because teeth 
are often well preserved within multiple taphonomic environments, especially in cases 
with highly fragmented or burned remains (Großkopf, 1989; Gocha and Schutkowski, 
2013).  
 
Figure 1.3: Final cementum band (light) in a 70µ transverse section of a tooth root 
(white arrow). 
 
 Despite the potential for becoming a standardized method for estimating a more 
specific PMI, dental cementum increment analysis is not widely applied in forensic and 
archaeological contexts. This is due to the lack of a standardized method of preparation 
and analysis, difficulty in identifying cementum increments, and the amount of training 
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needed to prepare acceptable root sections for observation (Hillson, 1996; Renz et al., 
2006, Gauthier and Schutkowski, 2013; Colard et al., 2015). Furthermore, the 
observation of cementum increment lines necessitates the destruction of the tooth sample, 
which makes this method less attractive for application to archaeological samples until 
the reliability of the method can be established (Roksandic et al., 2009).  
 In general, modern humans are not governed by seasonal variations in diet quality 
and consume a relatively homogenous diet throughout the year. If cementum’s 
appositional process is regulated by seasonal variations in diet and food quality, as 
suggested in other mammal species (Lieberman, 1993; 1994), it should be expected that 
human dental cementum increments will not exhibit seasonal change in their cementum 
increment structures, especially in equatorial regions where seasonal climate changes are 
minimal (Hillson, 2005). Therefore, the goal of this study was to establish whether dental 
cementum increment analysis is a reliable tool for estimating season at death in humans 
from two geographically distinct samples for use in PMI estimation. 
 This study analyzes extracted teeth drawn from the Boston University Collection 
and the Antioquia Modern Skeletal Reference Collection. The teeth were analyzed using 
recent protocols for preparation, sectioning, and observing increment lines in cementum 
as described by Wedel (2007), as well as Kagerer and Grupe (2001); Wittwer-Backhofen 
et al. (2004); Hillson (2005); and Maat et al., (2006).  
An understanding of the physical properties and biological mechanism driving 
dental cementum apposition is necessary in order to validate the use of these structures in 
forensic and anthropological research for estimating season of death in humans. 
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Therefore, Chapter 2 outlines the composition, formation, and appositional process of 
dental cementum that gives it its characteristic banded appearance under polarized 
transmitted light. An explanation of polarized light microscopy and the structures that 
produce the alternating light and dark bands observed is given to explain its utility in 
understanding the underlying biomechanical process driving cementum apposition. 
Although the exact physiological mechanisms behind dental cementum apposition in 
humans have not been identified, a summary of research into understanding this process 
is presented to explain why dental cementum is believed by researchers to be a circum-
annual incremental structure with utility in estimating season at death. Previous research 
into the applications of dental cementum for age and season at death of animals in 
humans are summarized and important considerations regarding the utility of this method 
are presented.  
Chapter 3 discusses the samples obtained for use in this study and presents the 
histological procedure followed for preparing, viewing, and analyzing dental cementum 
increments. Cementum increments were analyzed using both an image and through focus 
evaluation. Differences in the accuracy of the method between teeth extracted from living 
individuals and cadavers are evaluated, as well as differences between sex and age. 
Multiple sections were produced from randomly selected teeth in both samples to 
establish whether the last increment formed was consistent between multiple sections of 
the same tooth. Whenever two teeth were available from a single individual, both were 
sectioned to assess consistency in the last increment band formed between the two. 
Finally, an interobserver analysis was conducted to examine interobserver agreement on 
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the nature of the last band formed using image analysis. The results of the analyses are 
presented in Chapter 4. 
Chapter 5 discusses the results of this study and the utility of the method in terms 
of the five criteria of the Daubert Standard. Observations regarding the application of the 
method in this study are compared to the results and observations of previous studies 
using dental cementum increment analyses. The potential limitations identified for the 
reliability of this method through this study include the challenging process of preparing 
adequate sections for viewing cementum increments and the subjectivity of identifying 
the last band in a given section. Potential avenues of future research are presented.  
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CHAPTER 2: PREVIOUS RESEARCH 
 
Dental Cementum Composition 
 
Dental cementum is composed of organic and inorganic materials. By weight, it is 
approximately 70% inorgnanic, 21% collagen, and 1% other organic material (Hillson, 
2005). The inorganic component of cementum consists primarily of hydroxyapatite 
crystals, which are mineralized from the organic components of cementum (Hillson, 
1996). The organic collagenous matrix includes extrinsic (Sharpeys) fibers and intrinsic 
collagenous fibers. The non-collagenous organic component of cementum is an 
extracellular matrix called ground substance that surrounds cells in connective tissues 
(Hillson, 1996). Sharpeys fibers originate in the periodontal ligament and attach to the 
cementum on the root surface on one side and the alveolar bone on the other (Hillson, 
1996; 2005). The intrinsic collagenous fibers are deposited by cementum forming cells, 
called cementoblasts, around the Sharpeys fibers on the root surface (Hillson, 1996; 
2005; Lieberman, 1994).   
 
Common Cementum Tissue Types 
Dental cementum can be classified into two main groups, acellular and cellular, 
which contain three main types of dental cementum that are formed due to variations in 
the rate of cementum deposition on different parts of the tooth root (Hillson, 1996). The 
three main types are distinguished by their composition and function and are as follows: 
Acellular Extrinsic Fibers Cementum (AEFC); Cellular Intrinsic Fibers Cementum 
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(CIFC); Cellular Mixed Stratified Cementum (CMSC) (Bosshardt and Selvig, 1997; Naji 
et al., 2014). The acellular cementum group consists of AEFC and the cellular cementum 
group consists of both CIFC and CMSC (Hillson 1996; 2005). Acellular cementum has 
been observed to have a slow, continuous, and relatively regular growth pattern in all 
teeth (Beertsen et al., 1997; Bosshardt and Schroeder, 1996; Naji et al., 2014). It is 
predominantly formed on the cervical and middle part of the roots of all teeth and forms 
the majority of the cementum on the root. Cellular cementum formation tends to be more 
reactive, with rapid, periodic, and irregular appositional episodes (Schroeder, 1993; Naji 
et al. 2014). Cellular cementum is concentrated predominantly in areas with the most 
mechanical stress, such as the root apex, the furcation of multirooted teeth, and in 
concave irregularities on the root surface (Bosshardt and Schroeder, 1990; Hillson, 1996; 
Naji et al., 2014). Acellular cementums slow and regular deposition suggests that it 
represents the natural continuous rate of dental cementum onto the roots of teeth, and is 
therefore considered more accurately correlated with chronological age (Hillson, 1996; 
2005; Lieberman, 1993;1994; Naji et al., 2014). For this reason it is recommended that 
acellular cementum be almost exclusively used for seasonality studies (Naji et al., 2014).  
 
Cementum Formation and Apposition  
 Cementum deposition is initiated at root formation, making it an excellent 
template to document the life of the tooth (Hillson, 1996). Deposition begins when an 
organic matrix called cementoid (pre-cement) is deposited on the surface of enamel and 
dentine by cementoblasts, or cementum forming cells, located on the margins of the 
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periodontal ligament. As the cementoid mineralizes, more cementoblasts are deposited on 
the root surface, which in turn deposit more cementoid. Eventually the first cementoblasts 
become incorporated into the mineralized cementoid matrix and turn into cementum-
maintaining cells, called cementocytes (Hillson 1996; 2005). The cementoblasts also 
form intrinsic collagenous fibers that are laid down in patches of overlapping sheets of 
fibers arranged with similar orientations (Hillson, 2005).  Extrinsic fibers branching off 
the periodontal ligament are incorporated into the mineralizing cementoid at an angle 
perpendicular to the developing cementum surface (Hillson, 2005). The mineralization of 
the cementoid around the Sharpeys fibers serves to anchor the root of the tooth in the 
alveolar socket via the periodontal ligament.  
After eruption, teeth are constantly changing position to adjust for wear on the 
crown caused by masticatory stress. The continuous deposition of cementum is partly 
initiated by the remodeling of the collagen fiber network in the periodontal ligament 
(Hillson, 1996; 2005). Dental cementum does not have its own blood or nervous supply, 
however the periodontal ligament is richly supplied and is the source of cementoblast and 
cementoclast cells and the nutrients to support them. Dental cementum does not 
continuously turn over in the same manner as the Sharpey’s fibers, but is remodeled by 
the combined activities of cementoblasts and cementoclasts when damage occurs due to 
shifting of Sharpey’s fiber attachment (Hillson, 1996). 
During this remodeling process in humans, the extrinsic fibers of the periodontal 
ligament become cut off with each microscopic shift of the tooth and are replaced with 
new extrinsic fibers. Therefore the attachments of these fibers on the tooth surface change 
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constantly so that new cementoid is laid down by cementoblasts throughout the life of the 
tooth to provide a new attachment site. As the cementoid becomes mineralized, it 
preserves the current orientation of the extrinsic fibers embedded in its surface, which 
will be minutely different than the orientation of the fibers preserved in the older, more 
mineralized deposits (Hillson, 1996; 2005). This makes it possible to identify sequential 
changes in extrinsic fiber position. The remodeling process driving the continuous 
appositional growth of cementum suggests that cementum deposition in humans is 
characteristically patchier than the evenly concentric pattern observed in animal dental 
cementum (Hillson 1996; 2005; Scheffer, 1950). This means that the thickness of the 
cementum layer in humans will become highly variable with age and depending on what 
portion of the root is being observed (Hillson, 1996; 2005). 
Cementum thickness, composition, and degree of mineralization vary with the 
rate of cementum formation (Hillson, 1996; 2005; Lieberman, 1994). According to 
Hillson (2005), cementum deposits tend to be thickest in areas of maximum vertical 
displacement, such as the apex of single rooted teeth and the furcation of multirooted 
teeth. It has been observed that cementum is thicker on the distal rather than mesial 
surface of human molar roots, suggesting that mesial drift is an influencing factor 
stimulating cementum deposition (Dastmalchi et al., 1990). Furthermore, it has been 
suggested by Schroeder (1986) that dental cementum is thicker on the labial and lingual 
surfaces of incisors due to frequent exposure to tensional forces. This suggests that 
functional stimulation via the process of mastication and occlusal contact plays a role in 
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the initiation and continued appositional growth of dental cementum (Bosshardt and 
Selvig, 1997; Hillson 1996; 2005).  
The composition and relative mineralization of the cementum tissue is also 
influenced by the rate of formation and deposition. According to Hillson (1996; 2005), 
cementum that is formed and deposited at a faster rate tends to be characterized by more 
cementocytes and poorly mineralized extrinsic and intrinsic fibers. In contrast, slower 
forming cementum is characterized by fewer cementocytes, fewer extrinsic fibers, and is 
better mineralized (Hillson, 1996; 2005). Cementum deposition at varying rates produces 
circumferential appositional layers, or increments, of dental cementum with different 
compositional and structural properties.  
 
Microscopy of Dental Cementum Increment Structures  
When viewed under a polarized light microscope, dental cementum is 
characterized by alternating layers of dark and light bands, with the layers wrapping 
around the circumference of the root. According to Hillson (1996; 2005), these 
alternating layers reflect the different optical properties of each layer, which are likely 
produced by variations in the number and density of cementocytes, density of extrinsic 
fibers versus intrinsic fibers, the density of collagen fibers versus ground substance, 
degree of mineralization of the collagenous fibers, and the differing orientation of the 
extrinsic fibers between appositional layers. Due to the different compositional and 
structural properties between opposing increment layers, dental cementum is best 
observed using transmitted polarized light microscopy (Hillson, 1996; 2005).  
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Cementum, like bone and other dental tissues, contains collagen, which is an 
anisotropic material (Gilbert, 1989; Lieberman, 1994; Zhang et al., 2014). Anisotropic 
materials have varying optical properties because they have fibers oriented in multiple, 
varying directions. This means that when an anisotropic material is viewed 
microscopically, transmitted light will have to pass through layers with differing densities 
and refraction indices produced by these differences in internal structure and composition 
(Crowder and Stout, 2011). By understanding the optical behavior of the structure of a 
cementum increment, an observer can gain detailed insights into the developmental 
processes that formed it. Therefore, a basic understanding of the processes and 
phenomena involved in the production of polarized light microscopy images is necessary 
to understand the structure of the incremental features being observed.  
Light is electromagnetic radiation that vibrates in all possible directions, or 
planes. Refraction, or bending of light, occurs as light passes through different mediums. 
Bifringence, or the division of light into two rays travelling at different speeds and 
directions, occurs when light passes through mediums with fibers and crystals organized 
in repeating patterns with differing orientations (i.e. anisotropic materials), like that of the 
collagen fibers in dental cementum (Crowder and Stout, 2011). Birefringent tissues 
therefore will exhibit patterns of light and dark features that reflect differences in the 
orientations of fibers and crystals throughout the specimen (Crowder and Stout, 2011; 
Gilbert, 1989). 
  As non-polarized light passes through an anisotropic material, the different 
densities and refraction indices of the materials refract the light in multiple directions and  
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at various speeds, resulting in distortion of the image. A polarized light microscope is a 
compound microscope fitted with two polarized lenses that restrict a light beam passing 
through a specimen to vibrating in one direction, or a single plane (Crowder and Stout, 
2011). By restricting light to vibrating in a preferred direction as it passes through a 
specimen, the polarizers enhance the image of the magnified specimen by canceling out 
excess refracted light. Polarized light microscopy utilizes the bifringent properties of 
anisotropic specimens to reveal information about the underlying structure and properties 
of the material being examined (Crowder and Stout, 2011).  
 
The Biological Mechanism of Dental Cementum  
There have been studies attempting to identify the structure and biological 
mechanism responsible for the microscopic appearance and formation of the increment 
lines observed in dental cementum in order to validate their utility in postmortem 
analyses (Lieberman, 1993; 1994; Cool et al.,2002). Both environmental and endogenous 
factors have been proposed, based on animal studies, as contributing influences on the 
appositional growth mechanism of cementum. Some of these include biomechanical 
forces, nutrition, hormonal cycle, and ecological conditions that vary on a seasonal basis, 
such as temperature, ultraviolet light, and humidity (Halberg et al., 1983; Lieberman, 
1994; Kagerer and Grupe, 2001, Wittwer-Backhofen et al., 2004). 
  Lieberman (1993; 1994) and Hillson (1996; 2005) postulate that the alternating 
dark and light bands represent variations in the relative mineralization and collagen fiber 
orientation of cementum tissues in animals. Several researchers have suggested that these 
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structures are primarily caused by the nutritional and biomechanical properties of food 
that vary with season over the course of a year (Klevezal and Kleinenberg, 1967; Turner, 
1977; Lieberman and Meadow, 1992; Lieberman; 1993; 1994). Lieberman (1993) 
demonstrated that both reduced nutrition and masticatory stress were responsible for 
cementum band formation throughout the course of a year in domestic goats. Lieberman 
(1993; 1994) postulates that seasonal variations in food quality, such as nutritional value 
and hardness, produce the banded structure of cementum observed in goat dentition. 
Lieberman (1994) argues that reduced nutrition, particularly calcium deficits and reduced 
metabolic rate as a result of malnutrition during the winter months, affects the rate of 
cementum deposition and therefore the degree of mineralization of cementum tissues. 
Additionally, Lieberman (1994) argues that changes in food hardness affect the 
masticatory stress exerted on the dentition, which affects collagen fiber orientation within 
apposing cementum tissues. Therefore, because food quality in the winter months tends 
to have less nutritional value and is harder to chew, cementum deposits formed during 
this season will be deposited more slowly and be more mineralized than those formed 
during the summer season. Lieberman (1993)’s study demonstrated that cementum 
deposition in animals is likely driven by both endogenous (metabolic) and environmental 
(food hardness) influences that vary on a seasonal basis.  
Due to the apparent circum-annual nature of cementum apposition in animals, it 
should be expected that species living in equatorial regions would have less well-defined 
increment structures due to the relative lack of seasonal climate changes in these areas. 
However, species living in equatorial regions have been found to exhibit cementum 
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increment structures (Hillson, 2005). Furthermore, it has been observed that habitually 
hibernating mammals form banded cementum increments despite being prevented from 
hibernating (Klevezal, 1980). Domestic species, such as sheep (Saxon and Higham, 
1969) and goats (Lieberman, 1993; 1994), exhibit cementum banding despite being fed a 
consistent diet year round.  However, domestic sheep were observed to independently 
reduce their food intake during the winter months, even when a regular source of food 
was available (Saxon and Higham, 1969). This suggests that food restriction during the 
winter is part of the annual biological cycle of sheep, like hibernation is part of the annual 
biological cycle of bears and other hibernating species. Therefore it is likely that a 
genetically regulated physiological process also plays a role in cementum apposition 
(Saxon and Higham, 1969).  
This hypothesis is supported by the presence of cementum increment structures in 
modern humans, who consume a relatively homogenous diet throughout the year. Cool et 
al., (2002) conducted a study to determine whether the structure and optical properties of 
cementum increments in humans are due to changes in relative tissue mineralization, 
collagen packing and/or orientation, or by variations in organic matrix deposition as they 
are in animals. The authors found that differential mineral crystal orientation and size, 
resulting from the remodeling process of the extrinsic (Sharpey’s) fibers in response to 
masticatory stress, are likely responsible for the optical properties that distinguish light 
(opaque) versus dark (translucent) incremental lines in human dental cementum, as they 
are in animals (Cool et al., 2002).  
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 However, Kagerer and Grupe (2001) found that impacted, non-functioning teeth 
develop well-defined cementum increment lines as well. These findings support the 
conclusions of Azaz et al. (1974), who found that cementum thickness was greater on 
impacted non-functioning teeth than functioning teeth, suggesting that there is a direct 
interdependence between the age of the tooth and cementum thickness rather than on 
masticatory stress. In addition, Dastmalchi et al. (1990) found that cementum thickness 
was greater on the distal aspects of adult human molars, suggesting mesial drift also has a 
stimulating effect on cementum deposition. Therefore, the appositional process of 
cementum formation appears to be more complicated than being driven by masticatory 
stress alone in both animals and humans.  
This supports the hypothesis that cementum apposition is likely partly genetically 
regulated and stimulated by environmental factors (Burke and Castanet, 1995; Klevezal, 
1970; Saxon and Higham, 1969), however the exact mechanism, particularly in humans, 
remains poorly understood (Bertrand, 2013; Bertrand et al., 2014; Colard et al., 2015). 
What is widely accepted, however, is that cementum deposition is cyclical with an 
annually recurring pattern of alternating layers generally corresponding to one year of 
growth throughout the life of a tooth (Burke and Castanet, 1995; Hillson, 1996; 2005).  
 
Applications of Dental Cementum Increment Analysis  
Despite the uncertainty surrounding the structural and biological basis for dental 
cementum increment lines, the counting of cementum increments has become a 
recognized, albeit underused, technique for age and season of death estimation in 
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mammals (Hillson, 2005; Colard et al. 2014) and is considered to be the most accurate 
age estimation technique using adult dentition (Meinl et al., 2008).  The origin of the 
technique for counting cementum increments can be traced to the work of Scheffer 
(1950), who observed concentric rings on the roots of permanent canines in Alaskan fur 
seals (Calorhinus ursinus). Scheffer (1950) observed that the rings corresponded to the 
age and season at death of younger seals with known age and season at death. Other 
researchers noted similar banded structures on the roots of numerous species of land 
mammals and utilized them to estimate age and season at death with success, including 
horse (Saxon and Higham, 1969), bear (Sauer et al., 1966), caribou (McEwan, 1963), 
moose (Gasaway et al. 1978), elk (Keiss, 1969), red elk (Mitchell, 1967), deer (Lochard, 
1972), bison (Novakowski, 1965), red fox (Monson et al., 1973), and Japanese monkeys 
(Wada et al., 1978).  
The first study to apply dental cementum increment analysis to human cementum 
was conducted by Stott et al. (1982) for age at death estimation. The authors found that 
the number of increment pairs in a section of cementum correlated with the known age at 
death of the three individuals analyzed. Since Stott et al. (1982)’s pilot study, numerous 
researchers have conducted analyses testing the validity and reliability of dental 
cementum increment analysis to estimate age at death in humans (e.g. Stott et al., 1982; 
Charles et al., 1986; Lipsinic et al., 1987; Jankauskas et al., 2001; Kagerer and Grupe, 
2001; Wittwer-Backhofen & Buba, 2002; Wittwer-Backhofen et al. 2004; Renz and 
Radlanski, 2006; Aggarwal et al., 2008; Avadhani et al., 2009; Huffman & Antoine, 
2010; Kassetty et al., 2010; Gauthier and Schutkowski, 2013; Colard et al., 2015) 
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It is argued that dental cementum increment analysis will provide a more accurate 
age at death estimation because cementum is deposited and mineralized throughout the 
life of a tooth. Therefore, cementum is considered to reflect chronological age more 
closely than the other structures used in traditional age estimation methods that reflect 
degenerative change (Gauthier and Schutkowski, 2013). This is because age estimation 
methods based on degenerative change may deviate from chronological age due to 
genetic or life style factors (Gauthier and Schutkowski, 2013). Furthermore, dental 
cementum increment analysis requires only one or two well-preserved teeth. In forensic 
and archaeological cases, the preservation of one or two teeth is more likely to occur than 
the necessary preservation of multiple morphological markers typically used in 
macroscopic age-estimation techniques of the axial and appendicular skeleton, which are 
often obliterated by natural and artificial taphonomic processes (Stein, 1994; Wittwer-
Backhofen et al., 2004; Gauthier and Schutkowski, 2013).  
 As in animals, age at death in humans is estimated by counting all the pairs of 
dark and light bands visible in a given section of cementum and adding the count number 
to the known age of tooth eruption (Lieberman, 1994; Wittwer-Backhofen & Buba, 2002; 
Cool et al., 2002; Wittwer-Backhofen et al., 2004; Renz and Radlanski, 2006). Season at 
death is estimated by looking at the optical appearance of the last band formed on the 
external surface of the root cementum (Lieberman, 1993; 1994; Klevezal and Shishlina; 
2001; Wedel, 2007).  It is theorized that, using this method, the timing of the occurrence 
of documentable life-history events such as pregnancies, skeletal trauma or renal 
disorders that potentially disrupt the deposition of cementum layers can be estimated in 
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order to aid in forensic identification of skeletal remains (Kagerer and Grupe, 2001; 
Chritz et al., 2009).  
Traditionally, season at death has been estimated using seasonally indicative 
organic remains found within the context of a site (Piktay and Cosgrove, 2002). Most 
commonly used in forensic cases for the purposes of establishing PMI is the presence or 
absence of faunal and insect remains (Catts and Goff, 1992; Piktay and Cosgrove, 2002). 
However, this method requires familiarity with a species’ biological behavior (e.g. 
migratory, hibernator) and consideration of whether a species’ presence at a site can be 
explained by human activity. Another source of seasonal data is the presence of 
seasonally occurring floral and pollen species, and the incremental growth structures in 
wood (dendrochronology) (Piktay and Cosgrove, 2002; Coyle et al., 2005).  
Estimating season of death using the incremental growth structures observed in 
dental cementum has previously only been systematically tested on animals and applied 
to seasonality analyses using archaeological faunal remains (Lieberman, 1994; Piktay and 
Cosgrove, 2002; Chritz et al., 2009). However, the success of several studies in 
correlating age at death with the number of cementum increments in humans suggests 
that season at death could possibly be estimated as well. The first published attempt at 
using cementum increments for establishing season of death in humans was conducted by 
Klevezal and Shishlina (2001) on five human individuals from archaeological sample in 
the burial grounds of the Yamnaya and Katakombnaya cultures of the Bronze-Age 
Eurasian steppe. The authors compared the results of the human dental cementum 
increment analysis with the results of seasonality analyses using data collected at the site, 
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including the cementum increments of fauna found in the same burial as well as pollen 
specimens found within the context of the burial (Klevezal and Shishlina, 2001). The 
authors found that the estimated season at death of three human individuals was 
consistent with the seasonality data obtained from the faunal and pollen analyses. 
However, the authors were unable to detect cementum increments in the remaining two 
individuals. This study suggests that it is possible to use dental cementum increment 
analyses on archaeological populations, however a much larger sample is needed to test 
the validity and reliability of the method to estimate season at death in humans.  
The first study to test the reliability of dental cementum increment analysis in 
estimating season at death in humans using a comparative sample with known age and 
date of death was conducted by Wedel (2007). Wedel hypothesized that by identifying 
the timing of the transition between the bands of arrested development and the bands of 
increased deposition, dental cementum increment analysis can be used to reliably identify 
the season at death in humans. Wedel’s study suggests that cementum increment analysis 
is 99% accurate in estimating whether an individual tooth was extracted in either a 
fall/winter or spring/summer season. If Wedel’s (2007) results can be verified and 
replicated in other samples, dental cementum increment analysis has the potential to be a 
reliable method for forensic anthropologists to establish increasingly specific PMIs. 
 
Important Considerations  
Several studies report multiple difficulties in interpreting and identifying 
cementum increments in humans. Among the most common include: The cementum 
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increments in humans are often patchy in appearance, some bands appear to split into 
two, there is often variation in the thickness of lines, the bands are difficult to follow 
beyond a small area of the tooth, the same band in a deeper plane is projected as another 
line, and there are typically areas where no cementum bands are visible (Charles et al., 
1986; Condon et al., 1986; Lipsinic et al., 1986; Kvall and Solheim., 1995; Hillson, 
1996; Klevezal and Shishlina, 2001; Stutz, 2002; Hillson, 2005; Dias et al., 2010; 
Huffman and Antoine, 2010; Kasetty et al. 2010; Renz and Radlanski., 2006; Roksandic 
et al,. 2009; Wittwer-Backhofen et al., 2004; Gauthier and Schutkowski, 2013; Naji et 
al., 2014; Colard et al., 2015). 
The difficulty in preparing and observing cementum increment lines is 
compounded by the complexity of the formation and appearance of the lines themselves. 
The reported patchy appearance of human dental cementum reflects the patchy 
appositional process that forms them (Hillson, 1996) and it has been hypothesized that 
this process becomes less precise in older adults where age-related changes become more 
variable with increasing age. This difficulty is evident in the observation that cementum 
increment counts consistently underestimates the age of an individual (Charles et al., 
1986; Condon et al., 1986; Lipsinic et al., 1986; Kvall and Solheim, 1995; Klevezal and 
Shishlina, 2001; Wittwer-Backhofen et al, 2004; Hillson, 2005; Dias et al., 2010; 
Kassetty et al., 2010; Gauthier and Schutkowski, 2013). Several of these authors note that 
the correlation between biological age and number of cementum increments is strongest 
in individuals under thirty and weakest in individuals over fifty years of age (Lipsinic et 
al.,1986; Condon et al., 1986; Klevezal and Shishlina, 2001). Furthermore, it has also 
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been observed that some individuals develop only one or multiple increments per year 
during intermittent periods of life (Condon et al., 1986; Kvaal and Solheim, 1995; Rösing 
and Kvaal, 1998; Kagerer and Grupe, 2001; Maat et al., 2006). The exact reasons for this 
are unknown, as the underlying biological mechanism of cementum formation is poorly 
understood; however, it is theorized that metabolic deficits in calcium due to pregnancies, 
skeletal trauma, and renal disease, or the presence of periodontal disease may disrupt 
cementum deposition, and pathological conditions such as hypercementosis may produce 
multiple increments within a short span of time (Condon et al., 1986; Kvaal and Solheim, 
1995; Kagerer and Grupe, 2001; Maat et al., 2006). Furthermore, it has also been 
observed that cementum deposition decreases with increasing age (Condon et al., 1986; 
Kvaal and Solheim, 1995; Kagerer and Grupe, 2001; Maat et al., 2006). These anomalies 
contradict the conventional image of cementum increment layers as analogues to tree 
rings and calls into question the validity of ascribing an annual, let alone seasonal rhythm 
to the appositional process in humans (Lieberman, 1994, Chritz et al., 2009). 
Microbial chemical diagenetic processes have been observed to affect the 
accuracy of cementum increment analyses in even well preserved archaeological 
specimens (Stutz, 2002; Roksandic et al., 2009; Kasetty et al., 2010). These processes 
include collagen leaching through water or other liquid solutions, which dissolves the 
cemental surface and reduces the number of visible cementum increments, and apatite 
recrystallization, which produces banded features that mimic cementum increments 
microscopically (Stutz, 2002, Huffman and Antoine, 2010). In such cases, cementum 
layers tend to exhibit wavy lines interspersed with pits, bifurcating lines, and obscured 
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lines (Roksandic et al., 2009), which reduces their utility in season and age at death 
analyses. Therefore the presence or absence of diagenetic changes must be taken into 
consideration before the destructive process of cementum increment analysis is 
performed.  
Finally, it is important to note that if a seasonal component is to be attributed to 
the formation of cementum lines in humans, geographical variation in populations close 
to the equator where there is little climatic change over the course of a year must be taken 
into consideration. To date, no evaluation of human cementum increment structures from 
an equatorial population has been conducted; therefore it is unknown whether cementum 
increments will accurately reflect season at death in these populations.  The purpose of 
the present study is to estimate whether the final dental cementum band can be accurately 
correlated with season at death using teeth of known age and known extraction date 
drawn from two geographically distinct human populations. The samples were drawn 
from the Boston University Collection, which includes teeth extracted from cadavers and 
living individuals, and teeth extracted from deceased individuals from the Antioquia 
Modern Skeletal Reference Collection in Medellín, Colombia.  
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CHAPTER 3: MATERIALS AND METHODS  
 
 
A total of 151 extracted teeth were obtained from two geographically distinct 
samples. The first sample consists of a total of 78 teeth from the Boston Medical Center 
Oral Surgery Collection. Thirty-five samples, consisting of primarily incisors and 
canines, were collected from cadavers donated to the Anatomical Gifts program in the 
Department of Anatomy and Neurobiology at Boston University School of Medicine 
(Table 3.1). The ages of the cadavers ranged between 57 to 98 years, with a mean age of 
81.8 years (Table 3.4). Eighteen of the samples came from females and 17 from males. 
These individuals were born primarily in New England and the Northeastern part of the 
United States, but also from areas of the Midwest and England (Lustig, 2013). The 
additional 43 samples in this collection, consisting primarily of premolars and molars, 
came from anonymous individual donations to the Boston Medical Center Oral and 
Maxillofacial Surgery (Table 3.2). The teeth were extracted for standard dental care and 
orthodontic reasons and obtained with Institutional Review Board (IRB) approval 
(Lustig, 2013). Ages in this sample ranged from 9 to 63 years, with a mean age of 37.3 
years (Table 3.5). Twenty-three samples are from females, 18 from males, and 2 are 
unknown (Lustig, 2013).   
The second sample consists of 75 teeth from 61 individuals collected from the 
Antioquia Modern Skeletal Reference Collection in Medellín, Colombia (Table 3.3). 
Ages range from 10 to 65 years, with a mean age of 34.6 years (Table 3.6). This sample 
represents teeth from 54 males and 7 females and consists primarily of maxillary 
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premolars, first molars, and second molars. All teeth used from this sample were 
extracted from individuals who were born and died in Colombia (Row, 2013).  
 Recent studies testing the reliability of cementum increment analysis in age of 
death estimation have indicated that there is no statistical difference in cementum 
deposition between different tooth types, however single rooted teeth are preferred 
(Lieberman, 1994; Wittwer-Backhofen et al., 2004; Renz, 2006). Additionally, Kagerer 
and Grupe (2001) found that impacted teeth, particularly impacted third molars, develop 
well-defined cementum increment lines as well. Therefore, the present study utilized all 
tooth types available in these samples.  
 Of the original 151 extracted teeth, 8 were excluded from this study due to the 
absence of a root (6) or incomplete demographic information (2).  
 
Table 3.1. Boston Medical Center Oral Surgery Collection: Cadaver Sample 
(Adapted from Lustig (2013)). 
Tooth ID# Tooth Type Date of Death Age Sex 
AC-01 Canine 10/20/10 59 F 
AC-02 Canine  5/20/11 95 M 
AC-03 Incisor 12/22/10 93 F 
AC-04 Incisor 9/9/10 98 F 
AC-05 Incisor 1/5/11 93 F 
AC-06 Incisor  9/30/10 90 F 
AC-07 Incisor 10/24/12 67 M 
AC-08 Canine  ? 79 M 
AC-09  Incisors 2/15/11 81 M 
AC-10 Canines 8/15/10 60 M 
AC-11 Incisor 1/27/11 75 M 
AC-12 Incisor 11/24/10 93 F 
AC-13 Incisor 1/9/11 57 F 
AC-14 Canine 8/27/10 63 M 
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AC-15  Fragmented  11/12/10 89 F 
AC-16  Incisor 10/16/10 72 M 
AC-17 Incisors 1/15/11 94 F 
AC-18 Canine  1/18/12 80 M 
AC-19  Incisor 3/5/12 85 F 
AC-20  Incisor 4/25/12 71 F 
AC-21 Canine  5/17/12 89 M 
AC-22 Incisor 7/3/12 90 M 
AC-24  Fragmented 6/6/12 94 M 
AC-25 Incisor 4/10/12 93 M 
AC-26 Incisor 5/9/12 96 F 
AC-27  Pre-molar 11/29/11 88 M 
AC-28 Incisor 5/27/12 81 F 
AC-29  Incisor 5/12/12 79 M 
AC-30 Incisors 4/11/12 59 M 
AC-31  Molar 4/13/12 90 F 
AC-32 Incisors 5/31/12 82 F 
AC-33 Incisor 2/15/12 71 F 
AC-34  Canine 7/14/12 88 F 
AC-35  Incisors  1/27/12 92 M 
 
Table 3.2. Boston Medical Center Oral Surgery Collection: Living Extraction 
Sample (Adapted from Lustig (2013)). 
Tooth ID# Tooth Type 
Date of 
(tooth) Death/ 
Extraction 
Age Sex AL'01" Pre'molar" 2/10/12" 63" M"AL'02" Molar" 5/6/13" 24" F"AL'03" Molar" 10/15/12" 29" F"AL'04" Molar" 10/15/12" 62" M"AL'05" Molar" 10/23/12" 26" M"AL'06" Molar" 10/23/12" 31" M"AL'07" Molar" 10/24/12" 24" F"AL'08" Molar" 11/19/12" 18" F"AL'09" Molar" 4/5/85" 27" M"AL'10" Premolar" 11/14/12" 48" M"AL'11" Incisor" 11/13/12" 60" F"AL'12" Molar" 10/24/12" 28" F"AL'13" Premolar" 11/19/12" 56" M"
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AL'14" Molar" 11/26/12" 28" F"AL'15" Molar" 11/27/12" 30" F"AL'16" Molar" 11/28/12" 39" ?"AL'17" Molar" 12/4/12" 54" F"AL'18" Molar" 12/11/12" 28" F"AL'19" Molar" 12/11/12" 30" F"AL'20" Molar" 12/11/12" 29" F"AL'21" Molar" 12/18/12" 22" M"AL'22" Premolar" ?" 43" F"AL'23" Molar" 1/29/13" 46" M"AL'24" Molar" 1/29/13" 42" F"AL'25" Premolar" 1/29/13" 47" F"AL'26" Molar" 2/5/13" 44" F"AL'27" Molar" 3/6/13" 55" M"AL'28" Molar" 4/16/13" 54" F"AL'29" Molar" 5/7/13" 33" M"AL'30" Molar" 5/7/13" ?" F"AL'31" Molar" 5/7/13" 24" F"AL'32" Molar" 5/7/13" 60" ?"AL'33" Molar" 5/7/13" 23" F"AL'34" Incisor" 5/13/13" 47" M"AL'35" Molar" 3/12/14" 28" F"AL'36" Molar" 3/13/13" 38" M"AL'37" Molar" 3/18/13" 57" F"AL'38" Premolar" 3/27/13" 33" M"AL'39" Molar" 5/7/13" 41" M"AL'40" Premolar" 5/8/13" 52" M"AL'41" Molar" 8/'/2011" 22" M"AL'42" Deciduous"incisor" ?" 14" M"AL'43" Deciduous"incisor" 12/5/12" 9" F"
 
 
 
 
 
"30 
Table 3.3. Antioquia Modern Skeletal Reference Collection: Colombian Sample 
(Adapted from Row (2013)). 
Tooth ID # Tooth type  Date of Death Age Sex 
O12105  maxillary rm1 12/16/95 25 M 
O13095 maxillary  rm3 8/8/96 27 F 
O13138 maxillary rm2 3/17/95 25 M 
O14060 maxillary lpm4 12/11/96 47 M 
O14061 maxillary lm2 7/16/96 27 M 
O23023 (1) maxllary left canine 6/6/96 44 M 
O23023 (2) maxillary right m2 6/6/96 44 M 
O26016 mandibular rpm1 3/7/96 71 M 
O42018 maxillary right m2 1/29/96 65 M 
O42045 maxillary rpm3 2/6/96 32 F 
214012 maxillary rpm3 7/29/96 28 M 
313009 mandibular rm2 6/27/95 87 M 
324019  
maxillary left m2 (1 
root) 8/8/95 50 M 
372068  maxillary left m2  5/20/95 48 M 
372162  maxillary left m2  5/17/95 12 M 
373067  maxillary right pm3 1/6/95 17 M 
373067  maxillary right pm3 1/6/95 17 M 
374038  mandibular pm3 11/2/95 38 M 
375022 mandibular rc 2/25/96 55 M 
615126 (1) maxillary lc 11/17/95 41 M 
615126 (2) 
Maxillary lpm4 
Fragmented, no root. 11/17/95 41 M 
615151 
Maxillary rm1 
broken, no root 4/19/95 25 M 
622067 maxillary rm1 10/20/95 42 F 
624015 (1) maxillary rm2 12/15/96 41 M 
624015 (2) maxillary rm3 12/15/96 41 M 
625047 maxillary lm1 3/14/95 21 M 
625053 mandibular rc 12/17/96 61 M 
632072  maxillary lm1 6/22/95 54 M 
674023 (1) maxillary lpm3 8/7/96 36 M 
674023 (2) mandibular rm2 8/7/96 36 M 
711036  mandibular rpm3 5/2/96 63 F 
722017 (1) maxillary lpm4 9/2/95 54 F 
722017 (2) maxillary lm1 9/2/95 54 F 
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751027 maxillary lm1 9/11/96 52 M 
761011 maxillary lm1 10/16/96 10 M 
792009 (1) mandibular lpm3 2/18/96 31 M 
792009 (2) 
mandibular lm3 
fragmented, no root 2/18/96 31 M 
793020 maxillary rc - no root 10/13/95 65 M 
794009  maxillary rpm4 6/15/96 22 M 
811003 maxillary lm2 6/30/95 28 M 
814032  maxillary lpm3 11/11/95 26 M 
815027 maxillary lpm3 1/6/96 23 M 
815027 
maxillary rm1 
fragmented, no root 1/6/96 23 M 
841026 mandibular lm3 6/10/95 17 M 
843003 maxillary lm2 9/9/95 26 M 
845007 maxillary rm2 1/12/96 17 M 
871065 maxillary left i2 6/12/95 33 M 
872057 (1) maxillary lm1 12-Aug 17 M 
872057 (2) maxillary rm3 8/12/95 17 M 
873067 maxillary lm2 8/17/95 40 M 
874067 maxillary rm3 ? ? M 
875144 maxillary rm3 9/16/95 25 M 
875146 maxillary lm1 9/12/95 15 M 
875166 maxillary rm2 9/15/95 39 M 
876139 (1) maxillary rc 11/17/96 23 M 
876139 (2) maxillary rpm3 11/17/96 23 M 
876162 (1) maxillary lc 11/2/95 17 M 
876162 (2) maxillary lm2 11/2/95 17 M 
901018 maxillary lm3 7/5/96 22 M 
901024 maxillary lpm3 7/31/96 59 M 
901053 maxillary r I1 7/27/96 25 M 
902033 maxillary rm1 7/14/96 27 M 
903006 (1) maxillary rc 8/17/96 64 M 
903006 (2) maxillary rm2 8/17/96 64 M 
903032 (1) mandibular lpm3 10/3/96 30 M 
903032 (2) mandibular lm2 10/3/96 30 M 
903071 maxillary lm2 9/24/96 19 M 
904002 maxillary lm3 9/29/96 26 M 
904015 (1) maxillary lpm3 9/30/96 17 M 
904015 (2) 
maxillary rm1   
fragmented, no root 9/30/96 17 M 
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904031 mandibular rc 7/31/96 37 M 
904035 maxillary rm1 10/13/96 55 M 
904051 maxillary lmp3 10/25/96 30 M 
932041 mandibular lm1 9/24/96 19 F 
934033 mandibular rm3 5/28/96 17 M 
 
Table 3.4. Age Distribution of the Cadaver Sample  
Age  Number of Individuals 
<20 years 0 
20-39 years 0 
40-59 years 3 
60-79 years 9 
>80 years 22 
 
Table 3.5. Age Distribution of the Living Extracted Sample.  
Age  Number of Individuals 
<20 years 3 
20-39 years 21 
40-59 years 14 
60-79 years 4 
>80 years 0 
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Table 3.6. Age Distribution of the Colombian Sample. 
Age  Number of Individuals 
<20 years 16 
20-39 years 32 
40-59 years 18 
60-79 years 7 
>80 years 1 
 
Preparing Samples  
 The crowns of each sample were removed to preserve them for future research 
analyses using a MicroLuxTM Band Saw (Micromark, Berkley Heights, NJ). The roots 
were then cleaned using distilled water and embedded in EpothinTM 2 Epoxy Resin 
(Buehler, Lake Bluff, IL), a two component clear casting resin, to stabilize the dental 
tissues during the sectioning process. Air was removed from the resin using a vacuum 
chamber and the embedded samples were left under a fume hood to harden for twenty-
four hours. 
 The process of sectioning requires thorough training and practice before adequate 
sections are produced (Hillson, 2005; Renz et al. 2006; Wedel, 2007). It is because of this 
necessity for adequate and time-consuming training that many studies focusing on dental 
histology fail to produce sections good enough to see the structures being sought (Renz et 
al., 2006). Therefore the present study practiced the technique under faculty supervision 
"34 
using animal and human anatomical teeth drawn from the Boston University osteology 
teaching collection until consistency in adequate section production was achieved.  
 Using a Buehler Isomet® Lowspeed Saw (Buehler, Lake Bluff, IL) with an 
Isomet® Diamond Wafering Blade (Buehler, Lake Bluff, IL) and a solution of glycerin 
and water as lubricant, approximately 200µ thick un-decalcified and unstained sections 
were cut from the middle third of the root at a cutting angle perpendicular to the exterior 
of the root surface.  
The middle third of the root was chosen for several reasons. First, because it is 
composed primarily of acellular cementum, which is thought to be formed by a slower, 
more cyclical appositional process than the apical portion of the root, where cementum 
deposition is more rapid and irregular due to heavier biomechanical stresses in this area 
(Hillson, 1996; 2005; Avadhani et al., 2009). Secondly, the cementum deposited near the 
neck of the tooth is often too thin to be able to distinguish between the layers (Avadhani 
et al., 2009). Finally, the middle third of the root is less exposed to the effects of 
periodontal disease, caries, and hypercementosis, which have been known to obscure or 
produce unnatural variations in cementum deposition, than the cervical and apical 
portions of the root (Lipsinc et al., 1986; Kagerer and Grupe, 2001; Avadhani et al., 
2009). 
The plane of the section is crucial to the visibility of the structures and must be 
chosen carefully prior to sectioning and polishing (Hillson, 2005). Sectioning the root at 
an angle perpendicular to the exterior surface of the root was chosen for the following 
reason: Maat et al. (2006) postulates that because the regular transverse sections used in 
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previous cementum increment analyses (Wittwer-Backhofen et al., 2004; Renz et al. 
2006) run perpendicular to the long axis of a root, counting cementum annulations in 
samples cut this way is hampered by the optical superimposition of the tangentially 
positioned layers of cementum in the section. Maat et al. (2006) suggests that to improve 
the visibility of cementum annulations, the cutting angle should be perpendicular to the 
exterior of a tooth root, and not perpendicular to its long axis (Figure 3.1). The authors 
hypothesize that at the site where the cut hits perpendicular to the root should show clear 
distinction between dental cementum increments. In a section cut this way, the 
perpendicular cut will result in vertically positioned layers and provide an increased 
contrast between light and dark layers.  
 
Figure 3.1: Figure adapted from Maat et al., (2006) explaining the difference in 
cementum increment visibility in sections cut perpendicular to the long axis of the 
tooth root (upper box) versus sections cut perpendicular to the external surface of 
the root (lower box).  
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The sections in this study were manually ground and polished to an average 
thickness of 80µ, verified by micrometer, using a series of Buehler CarbiMet 2 
Abrasive Papers (Buehler, Lake Bluff, IL) and water as a lubricant on a Buehler 
Metaserv 250 Polisher-grinder (Buehler, Lake Bluff, IL). The polished sections were 
then mounted to Fisherbrand Colorfrost/Plus glass slides using SHUR/MOUNT 
(Electron Microscopy Sciences, Hatfield, PA) water base mounting agent and fitted with 
cover-slides cleaned with Histo-ClearTM II (National Diagnostics, Atlanta, GA), 
according to the specimen mounting procedure outlined in Maat et al., (2001).  
 
Viewing Samples  
The polished sections were then viewed under 20x magnification and transmitted 
polarized light using an Olympus BH2™ Light Microscope (Olympus America, Inc., 
Center Valley, PA). Digital photographs were taken using a Tucsen 10 Megapixel Digital 
Camera mounted onto the microscope. These images were viewed on a large-scale 
computer monitor using IS Listen program where the focus and contrast were adjusted 
prior to capturing the image. The captured images were then evaluated on the computer 
monitor for the presence of cementum increments. When possible, the last band was 
located and identified as either light or dark on a convex surface of the root edge to 
minimize the possibility of the presence of an abnormal accumulation of cellular 
cementum (Bosshardt and Schroeder, 1990; Hillson, 1996; Naji et al., 2014).  
During the image analysis it was noted by the author that many of the samples 
appeared to have a bright, unfocused white band along the outer edge of the cementum 
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(Figure 3.2). This band was thicker and brighter than the light cementum increments 
within the observed section; therefore it was unlikely to be cementum increment. A video 
was taken by the author to document the appearance and disappearance of this band as 
the focus was manipulated using the microscope. This band was determined to be an 
optical effect created by the three-dimensional thickness at the edge of the sample 
(Mortazavi, F., personal communication). This “edge effect” (Mortazavi, F., personal 
communication), is produced during microscopic analyses utilizing brightfield 
illumination (e.g. transmitted polarlized light microscopy) by the diffraction or bending 
of light rays around objects with sharp edges. When the light wave is bent around the 
edge of the sample, a new wave front is created at this edge, reducing the resolution of 
the specimen in that area. To improve the resolution of the specimen and remove the edge 
effect, adequate contrast must be achieved (Mortazavi, F., personal communication).  
 
Figure 3.2: Optical effect created by the edge of the specimen (white arrow). 
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Due to the presence of this optical effect in many of the digital photographs taken 
for the image analysis, both samples were reevaluated using a through-focus approach in 
order to determine whether the optical effect affected the visualization and identification 
of the final cementum increment. A through focus evaluation involves visualizing and 
identifying the last cementum increment through the microscope lens where the focus can 
be continuously manipulated to remove the optical illusion, as opposed to evaluating the 
cementum sections using digital images taken with a camera mounted to the microscope.  
The image and focus evaluation data were recorded blind to the age, sex, and date 
at (tooth) death of each specimen in separate Microsoft ExcelTM spreadsheets to minimize 
bias when determining the nature (dark or light) of the outermost cementum increment. 
These spreadsheets were then combined into larger spreadsheets with the demographic 
information to evaluate whether each identified band correlated with the season at date of 
death for each sample. 
 According to the transition periods identified by Wedel (2007)s study, dark 
increments are theorized to represent cementum deposition during the spring/summer 
months, arbitrarily between mid April and mid October, and light increments 
representing cementum deposition during the fall/winter months, arbitrarily between mid 
October and mid March in the Northern Hemisphere. Therefore, in this study, dark bands 
were considered to represent a date at death between mid April and mid October 
(spring/summer) and light bands were considered to represent a date at death between 
mid October and mid April (fall/winter).  
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Analysis  
Determinant statistics were used to evaluate all data. For the purposes of assessing 
whether differences exist in estimating season at death using teeth extracted from living 
versus dead individuals, the Boston University Collection was divided into two samples 
according to the origin of the donated teeth: The Cadaver Sample and the Living 
Extraction Sample. Two to three sections were produced in randomly selected teeth from 
all samples to evaluate whether the nature of the last band formed could be consistently 
identified between sections produced from the same tooth. Whenever two teeth from the 
same individual were available, both teeth were sectioned to evaluate whether the nature 
of the last band formed was consistent between them. The bands identified through image 
analyses and focus analyses were evaluated separately to assess which approach was 
more successful at correctly correlating the nature of the last band formed with season at 
death.  
Differences in sex and age were evaluated in specimens that were not damaged 
during preparation and exhibited consistency in the nature of the last band formed 
between all sections produced from a single tooth and between two teeth from a single 
individual. Sex was only evaluated in the Living Extraction and Cadaver Samples of the 
Boston University Collection because there was a relatively more equal ratio of men to 
women in these samples than in the Colombian sample, which was predominantly male.  
Finally, 15 sections from each of the three samples, for a total of 45 sections, were 
randomly selected to examine interobserver agreement on the nature of the last band 
formed using image analysis.    
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CHAPTER 4: RESULTS 
 
Colombian Sample  
Of the 84 prepared sections from the Colombian sample, 47.62% exhibited visible 
final cementum increment bands through image analysis (Table 4.1). Of these visible 
bands, 67.5% were correctly correlated to a spring/summer, fall/winter season at death. 
Slightly more (55.95%) of the sections in this sample exhibited visible final bands when 
analyzed using the through-focus approach. Of these, 61.7% were correctly correlated 
with season at death. Of the specimens with multiple sections produced from the same 
tooth in both the image analysis and focus analysis, 73.33% exhibited consistency in the 
last band formed between sections (Table 4.2). From the image analysis, 75% of the 
individuals who donated two teeth were identified to exhibit consistency in the last band 
formed, and 100% were identified to exhibit consistency through the focus analysis 
(Table 4.3).  
 
Table 4.1. Comparison of Image and Focus Evaluation Results. 
Colombian Sample – 84 
Sections 
Image Evaluation Focus Evaluation 
Number visible 40 47 
Number not visible 44 37 
Number not visible due to 
damage. 
10 10 
Number sections correctly 
correlated out of those 
visible  
27 29 
Number sections incorrect 
out of those visible  
13 18 
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Table 4.2. Multiple-Section Agreement Results. 
Colombian Sample – 15 
teeth with multiple 
complete sections 
prepared per tooth 
Image Evaluation Focus Evaluation 
Number of sections with 
increments that agree 
11 11 
Number of sections with 
increments that disagree 
4 4 
 
Table 4.3. Inter-tooth Section Agreement. 
Colombian Sample –8 
individuals with multiple 
teeth included in the 
sample 
Image Evaluation Focus Evaluation 
Number of individuals with 
increments that agree 
6 8 
Number of individuals with 
increments that disagree 
2 0 
 
Boston University Collection – Cadaver Sample 
 Of the 48 sections prepared from the teeth extracted from donated cadavers, 
56.25% exhibited visible final increment bands, with 62.96% of these being correctly 
correlated with season at death using the image analysis approach. A through focus 
evaluation revealed that 70.83% of the sections exhibited visible last bands, with 70.59% 
of these being correctly correlated with season at death (Table 4.4).  
Sixteen teeth were selected to produce multiple sections per tooth, however in 
three of these one or more of the sections were damaged during preparation and therefore 
were excluded from the analysis comparing the consistency in the nature of the last band 
formed between multiple sections of the same tooth. Of the remaining 13 specimens with 
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multiple sections, 5 bands were identified using image analysis (38.46%) and 7 bands 
were identified using focus evaluation (53.85%) to evaluate consistency in the nature of 
the last band formed (Table 4.5). Multiple teeth from the same individual were not 
evaluated in this sample.  
 
Table 4.4. Comparison of Image and Focus Evaluation Results. 
Cadaver Sample—48 
Sections 
Image Evaluation Focus Evaluation 
Number visible 27 34 
Number not visible 21 14 
Number not visible due to 
damage. 
3 3 
Number sections correctly 
correlated out of those 
visible 
17 24 
Number sections incorrectly 
correlated out of those 
visible 
10 10 
 
Table 4.5. Multiple-Section Agreement Results. 
Cadaver Sample – 13 
teeth with multiple 
complete sections 
prepared per tooth 
Image Evaluation Focus Evaluation 
Number of sections with 
increments that agree 
5 7 
Number of sections with 
increments that disagree 
8 6 
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Boston University Collection – Living Extraction Sample 
 Seventy-two sections were prepared from teeth extracted from living individuals 
at the Boston Medical Center Oral and Maxillofacial Surgery. Of these, 72.22% exhibited 
visible final increment bands through image analysis. Of the specimens with visible final 
increment bands using the image evaluation approach, 71.15% were correctly correlated 
with a spring/summer, fall/winter season at death. A focus evaluation also resulted in 
72.22% of the sample exhibiting visible final bands, however only 61.54% of these bands 
were correctly correlated with season at death (Table 4.6).  
 Twenty-five teeth were selected to prepare multiple sections from the same tooth. 
Two of these teeth had sections that were damaged during the preparation process and 
were therefore excluded. Out of the 23 specimens with multiple sections prepared from 
each individual tooth, 60.87% of the final increment bands were found to be consistent 
between each section through the image evaluation and 78.26% were found to be 
consistent in the focus evaluation (Table 4.7). Multiple teeth from a single individual 
were not evaluated in this sample.  
Table 4.6. Comparison of Image Evaluation and Focus Evaluation Results.  
Living Extraction Sample 
– 72 Sections 
Image Evaluation Focus Evaluation 
Number visible 52 52 
Number not visible 20 20 
Number not visible due to 
damage. 
6 6 
Number sections correctly 
correlated out of those 
visible 
37 32 
Number sections incorrect 
out of those visible 
15 20 
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Table 4.7. Multiple-Section Agreement Results. 
Living Extractions Sample 
– 23 teeth with multiple 
complete sections 
prepared per tooth 
Image Evaluation Focus Evaluation 
Number of sections with 
increments that agree 
14 18 
Number of sections with 
increments that disagree 
8 5 
 
Overall, no significant influence of sex, age, or tooth type on the identification 
and correlation of the last band formed were detected using determinant statistics in this 
study, which is consistent with the findings of Wittwer-Backhofen et al., (2004).  
 
Interobserver Agreement Analysis 
 Fifteen sections from each of the three samples (total 45) were randomly selected 
to assess interobserver agreement in the nature of the last cementum increment formed. It 
was found that the observers agreed on the nature of the last band in only 13 sections out 
of the 45 total (28.8%) (Table 4.8). Observer 1 was more successful at correctly 
correlating the nature of the last increment with season at death than Observer 2, however 
Observer 2 considered fewer sections to be “Not Visible” than Observer 1.  
Table 4.8. Interobserver Agreement Analysis  
Total of 45 
Sections 
# Sections 
Correctly 
Identified to 
Season at 
Death 
#Sections 
Incorrectly 
Identified to 
Season at 
Death 
# Sections 
Observer 
Identified as 
“Not 
Visible” 
# Sections 
Observer 
1 and 2 
Agreed 
# Sections 
Observer 
1 and 2 
Disagreed 
Observer 1 22/45 11/45 12/45 13/45 32/45 
Observer 2 12/45 25/45 8/45 
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CHAPTER 5: DISCUSSION AND CONCLUSION 
 
In this study, cementum increment analysis proved to be between 61.54% and 
71.15% successful in correctly correlating the nature of the last cementum increment with 
a spring/summer, fall/winter season at death in teeth with visible cementum increments, 
using a combination of image evaluation and through focus evaluation methods. These 
findings are inconsistent with those of Wedel (2007), who found cementum increment 
analysis to be 99% accurate in estimating season at death in humans. The differences in 
the results of these two studies may be due to some of the differences in methodology, 
where this study prepared sections to an average thickness of 80µ and viewed them under 
20x magnification using a polarized light microscope; Wedel (2007) prepared sections to 
an average thickness of 500 microns and viewed them under 10x magnification using a 
polarized light microscope. This study evaluated the cementum bands using both digital 
image evaluation and through focus evaluation, Wedel (2007) evaluated the cementum 
bands through digital image evaluation.  
Focus evaluation performed as good or better than image analysis in identifying 
the presence of last cementum increment band in all three samples evaluated in this 
study. However, the last band was correctly correlated with season at death slightly more 
frequently through image evaluation than focus evaluation. This may be due to the 
increased number of visible last bands identified through focus evaluation, which 
increases the chance of incorrectly identifying the last band into a spring/summer, 
fall/winter season at death. Therefore, the results of this study suggest that a focus 
evaluation is the more successful method for evaluating cementum increments in season 
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at death analyses. Although one of the disadvantages of the focus evaluation method is 
fatigue caused by observing cementum increments through the microscope lens (Wittwer-
Backhofen and Buba, 2002), it reduces the effect of the optical illusion created by the 
three-dimensional nature of the edge of the sample encountered in this study.  
Geographic origin did not have a significant influence over the success of the 
final cementum increment, when visible, to correlate with a spring/summer, fall/winter 
season at death in this study. The Colombian sample exhibited sections with final 
increment bands that were correctly correlated with season at death nearly as frequently 
as those in the Living and Cadaver Samples from the Boston University Collection. It is 
interesting to note, however, that in both the Colombian and Cadaver Samples (both 
samples extracted from deceased individuals), a larger percentage of the prepared 
sections in both the image and focus evaluations exhibited no visible cementum lines in 
contrast to the Living Sample. This suggests that the extraction of teeth from living 
versus deceased individuals may have an influence on the visibility of the final cementum 
increment, possibly due to taphonomic alterations to the cementum tissues during the 
decomposition and desiccation processes occurring postmortem.  
It should be expected that the final cementum band between multiple sections of 
the same tooth and between two teeth from the same individual be consistent in nature. 
However, this was not found to be the case in all three samples (Tables 4.2, 4.5, 4.7). 
Possible causes of this discrepancy are the misidentification of the final cementum 
increment or the patchy depositional process of cementum apposition, where cementum 
is deposited on the root in response to mechanical stress on the attachment sites of the 
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extrinsic (Sharpey’s) fibers of the periodontal ligament (Hillson, 1996; 2005). 
Mechanical stress is not exerted on the whole circumference of the periodontal ligament 
at one time, but at different parts of the root depending on the forces exerted during 
mastication (Hillson, 1996; 2005). This indicates that cementum deposition is not 
circumferential, like the rings of a tree as previously suggested (Wedel, 2007), but 
patchier, with layers overlapping like bricks. Therefore, when preparing multiple sections 
from the same tooth, one section may preserve an outer increment formed during a 
different season than another section prepared from higher or lower in the middle third of 
the root, resulting in inconsistencies between the sections.  
Regardless of its cause, the inconsistency in the nature of the final increment band 
between multiple sections of the same tooth calls into question the reliability of dental 
cementum increment analysis to estimate season at death. Furthermore, the results of the 
interobserver analysis (Table 4.8) conducted in this study indicate that identifying and 
interpreting the final increment band in a section of cementum is a highly subjective 
process. The subjectivity of this method calls into question its reliability for application to 
forensic cases where objectivity and consistency are the ideal components in the methods 
and techniques applied in forensic analyses (Christensen, 2004; Christensen and 
Crowder, 2009).  
In order for cementum increment analyses to be recognized as a valid method to 
determine season at death in humans for forensic PMI analysis, it must comply with the 
stipulations of the Daubert Standard. The Daubert Standard, also known as Rule 702, is 
a series of criteria used by a trial judge to assess whether an expert witness’s testimony is 
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based on scientifically valid and applicable methodologies to the facts of the case for 
admissibility in court. The criteria determining the admissibility of scientific evidence 
include: (1) whether the theory or technique can and has been tested; (2) whether it has 
been subjected to peer review and publication; (3) it has a known or potential error rate; 
(4) there are regularly maintained standard procedures controlling its operation; and (5) 
whether the theory or technique has gained general acceptance by the scientific 
community (Christensen and Crowder, 2009; “The Daubert Decision and the Supreme 
Court’s Construction of Rule 702,” 2010). The following discussion will review dental 
cementum increment analyses in consideration of the terms of the five criteria of the 
Daubert Standard.  
Prior to the present study, the utility of dental cementum increment analysis in 
estimating season at death in humans has only been systematically tested and published 
in one other study conducted by Wedel (2007). The absence of multiple validation studies 
testing the reliability of cementum increment analyses for season at death investigations 
indicates that the method does not yet fully meet the second, third, fourth and fifth 
Daubert Standard criteria. Despite the lack of multiple validation studies and underuse 
among researchers, Ubelaker (2010) suggests that dental cementum increment analysis 
shows potential as a reliable method for season at death estimation, indicating that there 
is interest in the potentialities of the method among the academic community.  
The utility of cementum increment analysis for age at death estimation has been 
more systematically tested on both modern and archaeological samples of known age and 
date at death. Because both proposed uses for cementum increment analysis operate 
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under the assumption that cementum increments are formed annually due to an 
(unidentified) underlying biological mechanism regulated by seasonally influenced 
environmental and endogenous factors (Lieberman, 1993; 1994), if one use (age at death) 
can be validated, then the other (season at death) could be as well.  
Several studies testing the validity of dental cementum increment analysis for 
age-estimation in humans have found good correlation between the number of cementum 
increment pairs and age at death in both modern and archaeological human samples of 
known age and date at death (Stott et al., 1982; Charles et al., 1986; Kagerer and Grupe, 
2001; Wittwer-Backhofen & Buba, 2002; Wittwer-Backhofen et al. 2004; Wedel, 2007; 
Aggarwal et al., 2008; Avadhani et al., 2009; Gauthier and Schutkowski, 2013; Colard et 
al., 2015), with the highest correlation in one sample being approximately 98 percent 
with an error range of 2.5 years (Wittwer-Backhofen et al., 2004) and the next highest 
being 96 percent with an error range of 2.9 years (Colard et al., 2015). Others, however, 
have concluded that the method is too unreliable due to difficulties in viewing and 
identifying distinct growth layers in sections of cementum (Lipsinic et al., 1987; 
Jankauskas et al., 2001; Renz and Radlanski, 2006; Huffman & Antoine, 2010; Kassetty 
et al., 2010).  
This study also found difficulties in viewing and identifying distinct growth layers 
in sections of cementum. The cementum tissue in many of the specimens from both 
samples was patchy in appearance, with the cementum increments appearing 
concentrated in some areas of the root and absent or less concentrated in others. Some 
cementum increment bands appeared to split into two (Figure 5.1 and Figure 5.2) and 
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there was often variation in the thickness of individual lines (Figure 5.3). Some bands 
were difficult to follow beyond a small area of the tooth (Figure 5.4), and there were 
typically areas where no cementum bands were visible at all (Figure 5.5). These 
observations are consistent with the findings reported by Charles et al., 1986; Condon et 
al.,1986; Lipsinic et al., 1986; Kvall and Solheim., 1995; Hillson, 1996; Klevezal and 
Shishlina, 2001; Stutz, 2002; Hillson, 2005; Dias et al., 2010; Huffman and Antoine, 
2010; Kasetty et al. 2010;; Renz and Radlanski., 2006; Roksandic et al,. 2009; Wittwer-
Backhofen et al., 2004; Gauthier and Schutkowski, 2013; Naji et al., 2014; Colard et al., 
2015.  
 
Figure 5.1: Splitting of a dark cementum increment into two dark bands in a 60µ 
transverse section of a tooth root (white arrow).  
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Figure 5.2: Splitting of a light band into two separate bands in an 80µ transverse 
section of a tooth root (white square).  
 
 
 
Figure 5.3: Variation in the thickness of the bands in an 80µ transverse section of a 
tooth root.   
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Figure 5.4: Light band present in part of the section disappears further along the 
edge of the specimen in an 80µ transverse section of a tooth root (white arrow). 
 
 
 
Figure 5.5: No visible cementum bands in an 80µ transverse section of a tooth root. 
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 The reported difficulties in preparing and viewing cementum increments, and the 
resulting lack of consensus regarding the accuracy and utility of increment analysis in the 
literature, is thought to be due in part to a lack of a standardized method of preparation, 
sectioning, and viewing dental cementum increment lines (Kagerer and Grupe, 2001; 
Renz and Radlanski, 2006; Grosskopf and McGlynn, 2011; Naji et al., 2014; Colard et 
al., 2015). Because there is a lack of standardization, there have been numerous 
methodologies used to prepare and analyze cementum tissue depending on the resources 
available to the researchers conducting the study (Colard et al., 2015). These differences 
include: the type of tooth used (single or multi-rooted teeth); the location and sectioning 
technique (transverse versus longitudinal); the cutting angle (perpendicular to the long 
axis of the root or the external surface of the root); and the thickness of the sections 
observed. Some researchers use mineralized or demineralized sections, stained or 
unstained sections, different microscopy techniques, and they also differ in the way they 
approach counting and interpreting cementum increment structures (Kagerer and Grupe, 
2001; Colard et al., 2015).  
This assortment of different methodologies make it difficult to compare the 
results from the various studies evaluating the utility and reliability of dental cementum 
increment analyses and may account for the disagreeing results encountered in these 
studies (Colard et al., 2015). The lack of a standardized and validated method for 
preparing and viewing cementum increments therefore contributes to its underuse and 
lack of recognition as a viable method by researchers in anthropological investigations, 
especially forensic investigations.  
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Steps toward the development of a standardized and validated method have been 
recently been taken by Colard et al., (2015). These authors created an international work 
group, the Cementochronology Research Program, to compile research focused on 
establishing quality standards for cementum increment analyses in age at death 
estimation. The authors also developed a standardized protocol for section preparation, 
viewing, and analysis for age estimation, which was certified in 2013 at the Direction de 
l’Archéologie (Bertrand, 2013). This protocol has been successfully applied to nine 
anthropological cases in the Anthropology Department of Lille 2 University, with a 
correlation between cementum increments and age at death of 96% and a mean absolute 
error of 2.9 years (Colard et al., 2015).  The authors state that some training in both the 
histological preparation and observation techniques in invaluable for the application of 
this method, however less than is required for other age and PMI estimation 
methodologies (Colard et al., 2015). They suggest that the adoption of their proposed 
standardized protocol will decrease the difficulties encountered in previous studies, and 
that it requires little time and little cost to perform.  
Therefore, cementum increment analysis for age at death estimation has taken 
steps to meet the first four criteria of the Daubert Standard, however the fifth criteria: 
whether the theory or technique has gained general acceptance by the scientific 
community, has yet to be met. This can only be achieved by more published validation 
studies that consistently demonstrate the reliability of the method, as well as its ease and 
inexpensive cost to implement. Cementum increment analysis for season at death 
estimation does not meet the last four criteria of the Daubert Standard. It has yet to be 
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extensively validated by multiple controlled studies using a standardized protocol and 
samples from different geographic locations. The present study is only the second to 
systematically evaluate the reliability of dental cementum increments to estimate season 
at death in humans and its findings were inconsistent with the findings of Wedel (2007)’s 
pilot study. The method for estimating season at death using dental cementum lacks a 
standardized protocol for preparation and analysis, has no known potential error rate, and 
it is not accepted as a valid method by the scientific community. Therefore, the 
implementation of Colard et al., (2015)’s protocol to evaluate whether cementum 
increment analysis can reliably estimate season at death is the next logical step in the 
future of cementum increment analysis.  
 
Conclusions 
 
The research presented in this study evaluates whether cementum increment 
bands can accurately be assigned to fall/winter, spring/summer seasons based on their 
optical properties as being light or dark. It was found to only be between 61.54% and 
71.15% successful in accurately correlating the nature of the last cementum increment to 
season at death using a combination of image evaluation and through focus evaluation 
methods on two distinct geographic samples. A through focus evaluation was found to be 
more successful at identifying the last band formed and is recommended for analyses 
estimating season at death using dental cementum increments. Geographic did not have a 
significant influence over the accuracy of the method to estimate season at death, 
however the results of this study suggest that teeth extracted from cadavers versus living 
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individuals may impact the accuracy of estimating season at death using dental cementum 
increments.  
Inconsistency in the nature of the last band formed between multiple sections 
prepared from the same tooth calls into question the validity of using cementum 
increments to estimate season at death. These inconsistencies may be due to the 
misidentification of the final cementum increment or the nature of cementum deposition 
itself. The difficulty in viewing and identifying distinct and continuous growth layers in 
human dental cementum encountered in this study and in other published studies suggest 
that this method is highly subjective. This conclusion is supported by the results of the 
interobserver analysis, where two observers agreed on the nature of the last band formed 
in only 28.8% of the sample. Hillson (1996) suggests that increasing the number of 
observers and sections prepared from each tooth can ameliorate the subjectivity of 
analyses using dental cementum increments.  
Following the methodology utilized in this study, an observer has slightly over a 
50% chance of correctly correlating the final cementum increment with a spring/summer, 
fall/winter season at death, which makes it little better than other methods for establishing 
PMI in skeletonized, fragmented, burned, and otherwise poorly preserved remains 
(Wittwer-Backhofen et al., 2004; Schmidt, 2009). To narrow the PMI estimated using 
this method, this study can be expanded by identifying the percentage growth of the last 
band formed in sections correctly correlated to season at death to theoretically estimate 
how far into a given season cementum deposition had progressed before death. 
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This is achieved by measuring the thickness of each like-band in the section and 
averaging it to determine the percentage growth of the final increment, according to the 
procedure outlined in Wedel (2007). Doing this will demonstrate whether cementum 
increments truly reflects seasonal deposition, particularly if the thickness of the last band 
formed can be correlated with weeks into a season, as claimed by (Wedel 2007; Wedel et 
al., 2013). However, the observation that a single cementum band thickness varies 
throughout a single section raises the question of where to measure the thickness of the 
band. Furthermore, it has been proposed that some individuals appose more than one 
cementum increment per year and others, particularly older individuals, may not appose 
any in a given year (Rösing and Kvaal, 1998). Therefore, it appears this method also 
requires a known annual rate of cementum deposition in humans, both at the individual 
and population level, in order to correctly correlate band thickness with weeks into a 
season.  
More control studies are needed to verify whether the thickness of the last band 
formed represents percent growth into a given season. It is recommended that future 
researchers implement the standardized protocol developed and presented by Colard et 
al., (2015) in order to produce results that can be compared to the results of other future 
validation studies using the same protocol. In this way the utility of cementum increment 
analysis for season at death estimation can be tested reliably without the error introduced 
by differences in methodology.   
 
Implications for Future Research  
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The underlying biological mechanism driving cementum apposition in humans 
must be identified so that a seasonal basis can be ascribed to the alternating dark and light 
bands. A standardized and maintained protocol for section preparation and viewing must 
be adopted and a known error rate must be established. Larger sample sizes from 
different geographical climates must be more extensively tested and the differences in 
cementum integrity between teeth extracted from living individuals versus cadavers must 
be explored.  
The potential utility of dental cementum increment analyses in estimating PMI is 
enticing. A single tooth can provide a forensic anthropologist with a more precise 
estimate of postmortem interval while also providing a potentially more reliable age at 
death estimate than can often be achieved with traditional PMI and age estimation 
techniques in cases of skeletonized, fragmented, poorly preserved, and cremated remains 
(Wittwer-Backhofen et al., 2004; Schmidt, 2009). This method also appears to operate 
independent of age, sex, tooth type, and some pathological conditions affecting the face 
and mouth (Wittwer-Backhofen et al., 2004; Bertrand et al., 2014; Colard et al., 2015), 
and takes less training and experience to master the histological preparation of a sample 
than other PMI estimation techniques. Furthermore, the histology and viewing equipment 
required is already present in most if not all forensic laboratories (Colard et al., 2015).  
In its current form, however, dental cementum increment analysis for season at 
death estimation is not compliant with the Daubert Standard and therefore should not be 
used in forensic cases that go to trial. The potential limitations identified for the 
reliability of this method include the challenging process of preparing adequate sections 
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for viewing cementum increments and the subjectivity of identifying the last band in a 
given section. It is the conclusion of this author that if the validity and reliability of dental 
cementum increment analysis as a method for age estimation can be established and 
configured to meet the criteria of the Daubert Standard, specifically in the adoption of a 
standardized protocol of analysis, then the validity of using this method for estimating 
season at death can be further considered.  
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